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Abstract 
 
 
The effects of nano-reinforcements on the material characteristics of thermoset 
nanocomposites in relation to their different morphological structures are not yet well 
understood. This study investigates the effects of untreated halloysite (HNT) and 
vinyltrimethoxysilane (VTMS)–treated halloysite nanotubes (s-HNT) on the 
morphological and materials characteristics of highly crosslinked unsaturated 
polyester (UPE) nanocomposites. The grafting of the VTMS coupling agent on the 
halloysite surface was performed using the sol-gel process. Nanocomposites based 
on different weight percentages (1 wt % to 9 wt %) of HNT or s-HNT were prepared 
via high shear disperser, followed by the ultrasonication technique. 
 
The morphological structures and dispersion of halloysite particles in the UPE matrix 
were examined using transmission electron microscopy (TEM), and wide-angle and 
small-angle x-ray scattering (WAXS and SAXS). Fourier Transform Infrared (FT-
IR) spectroscopy was used to determine the molecular structures and indicate the 
vibrational states of the chemical bonds obtained after curing. Thermogravimetric 
analysis (TGA) was applied to detect the thermal stability, and differential scanning 
calorimetry (DSC) spectra were applied to measure the glass transition temperature 
(Tg) in heating mode. The viscoelastic properties—the storage modulus (E)َ, loss 
modulus (E˝) and tan (δ)—were measured using dynamic mechanical analysis 
(DMA). 
 
Mechanical properties viz. tensile strength, Young’s modulus, elongation at break, 
flexural strength and modulus of the developed materials were determined. The 
elastic modulus was predicted using different mathematical models—the Halpin-
Tsai, Smallwood-Einstein, Kerner, and Guth and Gold models—in order to further 
understand the correlation between the mechanical properties and the morphology. 
 
The tribological performance of neat UPE and different nanocomposite systems was 
also explored. Wear resistance was evaluated using block-on-ring (BOR) 
configuration against a stainless steel counterpart under dry sliding conditions with 
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different operating parameters. The topography analysis of worn surfaces was 
examined using scanning electron microscopy (SEM) analysis to determine the wear 
mechanisms occurring in such materials. 
 
The micromechanism of plastic deformation of neat UPE and its nanocomposite 
systems was characterised under impact loading conditions. The impact strength and 
total energy were performed with a falling-weight impact tester at different 
temperatures (-20 °C, +20 °C and +60 °C). The morphologies of tensile-fractured 
surfaces and impacted-fractured surfaces of unfilled UPE and UPE filled with HNT 
and s-HNT nanocomposites were identified to delineate their fracture modes. 
 
The fracture toughness measurements represented by the critical stress intensity 
factor (KIc) and critical strain energy release rate (GIc) were calculated based on 
linear elastic fracture mechanics (LEFM) and two different geometries tested under 
two different loading conditions: a single-edge notch (SEN) specimen under three-
point bending (SEN-3PB) and a compact tension (CT) specimen under tension. The 
crack initiation and propagation phenomenon were simulated using a traction-
separation cohesive element method via ABAQUS finite element (FE) software. The 
SEM observations were used to identify the roles of HNT and s-HNT particles in 
toughening mechanisms and initiating plastic deformation in the nanocomposites. 
 
The results showed that the surface of s-HNT was rougher than the untreated HNT 
particles due to the presence of multiple interfacial bonding sites on the silanised 
surface, which induced better adhesion and load transfer among the interface regions. 
A more well-dispersed structure with less skewed-like aggregates was observed in 
the UPE/s-HNT over the UPE/HNT composites. The incorporation of HNT or s-
HNT particles into the UPE nanocomposites changed their crystalline structure, 
indicating a high degree of nanotube orientation. 
 
The FT-IR spectra of the s-HNT powder exhibited that the Si-O-Si absorption band 
occurred in the region of 701 to 1,085 cm
-1
 wavenumbers. No significant change in 
the thermal stability of the nanocomposites was observed with the use of silane-
treated nanoparticles. The effect of HNT or s-HNT on the Tg values was relatively 
insignificant, while they slightly reduced with increasing halloysite concentrations. 
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This was likely because coupling of halloysite to the polymer through adsorption and 
hydrogen bonding led to strengthening the interface and reducing the Tg values. 
 
All material properties—such as tensile and flexural strength, impact strength and 
fracture toughness—except wear resistance, exhibited a steady-state increasing trend 
with the incorporation of up to 5 wt% HNT or s-HNT into the UPE resin. The 3% 
HNT/UPE or 3% s-HNT/UPE nanocomposites were found to obtain the highest 
values of these properties supported with uniformly dispersed particles. It was also 
proven that the computational results of damage zone and unstable crack propagation 
validated by the cohesive element method were convergent with the experimental 
data. 
 
Compared to the HNT, the addition of the same content of s-HNT particles indicated 
slightly higher strength and toughness owing to the well-dispersed silanised particles 
and the enhanced interfacial adhesion thereof on initiating/participating in plastic 
deformation in the nanocomposites. Further increase of halloysite, irrespective of 
whether they were untreated or silane-treated, showed gradual decreases in most 
material properties associated with the presence of large clusters in the UPE 
nanocomposites. 
 
The SEM observations of the fracture surfaces showed brittle fast fracture for neat 
UPE and coarser surfaces with different energy dissipation mechanisms for the 
nanocomposites. With the introduction of untreated halloysite, zone shielding and 
shear yielding mechanisms with the presence of full particle debonding —which 
activates void expansion and matrix shear deformation— were observed and 
suggested to be responsible for the toughness improvement in the the UPE/HNT 
nanocomposites. In addition, other major mechanisms—massive shear banding, 
crack deflection and local plastic deformation—occurred around the crack initiation 
zone, while river line patterns, a tail-like structure and the formation of microcracks 
mechanisms were observed in the UPE/s-HNT nanocomposites. 
 
iv 
Certification of Dissertation 
 
 
I certify that the thoughts, experimental work, numerical outcomes and conclusions 
reported in this dissertation ‘Role of Silanised Halloysite Nanotubes on the 
Morphological and Materials Characteristics of Thermoset Composites‘ are 
entirely my own efforts, except where otherwise acknowledged. To the best of my 
knowledge, I also certify that the work presented in this thesis is original, except 
where due references are made. 
 
 
……………………………………. 
 
 
Signature of candidature 
Mushtaq Taleb Albdiry 
/     / 2014 
                           Date 
     
 
 
 
ENDORSEMENT 
 
 
 
………………………………….  
 
Signature of supervisor 
 
 
 
/     / 2014 
                           Date 
 
 
 
 
…………………………………….  
 
Signature of co-supervisor 
 
 
 
                         /     / 2014 
                          Date 
 
 
 
v 
Acknowledgments 
 
 
From the bottom of my heart, I would like to express my special thanks to my father 
and mother for their prayers and invocations to me. My thanks go to all my brothers, 
sisters and relatives for their support and help. My gratitude and thanks also go to my 
wife and beautiful children for their understanding, patience and continuous 
encouragement during these years, without whom this work would be impossible. 
 
I would like to express my gratitude and appreciation to Dr Harry Ku, my principal 
supervisor, for his guidance, encouragement and suggestions throughout the course 
of my research at the University of Southern Queensland (USQ). My special thanks 
go to Dr Belal Yousif, my co-supervisor and dear friend, for his kindness, useful 
discussions and helpful criticisms that improved my thought process and the quality 
of my work. 
 
I would also like to acknowledge the contributions of various members of the Faculty 
of Health, Engineering and Science (HES) and Centre of Excellence in Engineering 
Fibre Composites (CEEFC) for all the help they gave me during the work—
particularly, Dr Francisco Cardona, Wayne Crowell and Mohan Trada. Many thanks 
are also extended to people working at the Plastic and Rubber Technical Education 
Centre (PARTEC) for their friendly help and valuable advice: Roger Cater 
(Manager), Mark Halford (Composites Consultant) and Corrie Gower (Plastic 
Fabrication Lecturer). 
 
I would also like to thank the Academic Program Support Officer, Mrs Juanita Ryan, 
for her assistance to me with a big smile and ‘hello’. My thanks go to all colleagues 
and friends who helped and supported me by encouraging and stimulating me. 
 
Financial support from the Australian Government and the USQ in the forms of an 
Australian Postgraduate Award (APA) and HES Scholarship are sincerely 
acknowledged as having made it possible for me to undertake my PhD program at 
the USQ. 
vi 
Associated Publications 
 
 
Journal Papers 
 
Albdiry, MT & Yousif, BF 2014, ‘Role of silanized halloysite nanotubes on 
structural, mechanical properties and fracture toughness of thermoset 
nanocomposites’ Materials and Design vol. 57, pp. 279-288. 
 
Albdiry, MT, Ku, H & Yousif, BF 2013, ‘Impact fracture behavior of silane-treated 
halloysite nanotubes-reinforced unsaturated polyester’, Engineering Failure 
Analysis, vol. 35, pp. 718-725. 
 
Albdiry, MT & Yousif, BF 2013, ‘Morphological structures and tribological 
performance of unsaturated polyester based untreated/silane-treated halloysite 
nanotubes’, Materials and Design, vol. 48, pp. 68–76. 
 
Albdiry, MT, Yousif, BF, Ku, H & Lau, KT 2013, ‘A critical review on the 
manufacturing processes in relation to the properties of nanoclay/polymer 
composites’, Journal of Composite Materials, vol. 47, no. 9, pp. 1093–1115 
 
Albdiry, MT & Yousif, BF, under review, ‘Failure analysis and toughening 
mechanisms of silanized halloysite nanotubes filled unsaturated polyester 
nanocomposite under Mode I fracture toughness and bending testing’, Engineering 
Fracture Mechanics. 
 
Albdiry, MT, Ku, H & Yousif, BF, In preparation, ‘Experimental and numerical 
evaluation of crack growth in halloysite nanotubes toughened unsaturated polyester 
nanocomposites using cohesive zone method’. 
 
vii 
Conference Proceedings 
 
Albdiry, MT, Yousif, BF & Ku, H, ‘Fracture toughness and toughening mechanisms 
of unsaturated polyester-based clay nanocomposites’, Proceeding of 13th 
international conference on fracture (ICF13), 16–21 June 2013, Beijing, 
China. 
 
Albdiry, MT, Yousif, BF & Ku, H, ‘Fracture toughness evaluation of halloysite 
nanotubes filled unsaturated polyester using J-integral technique’, 
Proceedings of fifth international conference on engineering failure 
analysis (ICEFA-V), 1–4 July 2012, The Hague, The Netherlands. 
 
viii 
Contents 
 
 
Abstract ........................................................................................................................ i 
Certification of Dissertation ..................................................................................... iv 
Acknowledgments ....................................................................................................... v 
Associated Publications ............................................................................................. vi 
Contents .................................................................................................................... viii 
List of Figures ............................................................................................................ xi 
List of Tables .......................................................................................................... xviii 
List of Abbreviations ............................................................................................... xix 
Chapter 1: Introduction............................................................................................. 1 
1.1 General ............................................................................................................... 1 
1.2 HNT .................................................................................................................... 1 
1.3 UPE .................................................................................................................... 3 
1.4 Characterisation of Polymer Nanocomposites ................................................... 4 
1.5 Objectives of the Thesis ..................................................................................... 6 
1.6 Scope of the Thesis ............................................................................................ 7 
1.7 Outline of the Thesis .......................................................................................... 8 
Chapter 2: Literature Review ................................................................................. 11 
2.1 Polymer-based Nanocomposites ...................................................................... 11 
2.2 Structure-property Relationship ....................................................................... 11 
2.2.1 Effect of Chemical Treatment on Morphology and Properties ................. 13 
2.2.2 Glass Transition Temperature (Tg) ............................................................ 20 
2.2.3 Thermal, Thermodynamic and Mechanical Properties ............................. 21 
2.2.4 UPE-based Nanocomposites ..................................................................... 22 
2.3 Tribological Behaviour .................................................................................... 25 
2.4 Impact Strength ................................................................................................ 27 
2.5 Fracture Toughness of Polymer Nanocomposites ............................................ 29 
2.6 Toughening Mechanisms in Polymer Nanocomposites ................................... 31 
2.7 FEM Models for Prediction Crack Propagation ............................................... 34 
2.8 Summary .......................................................................................................... 36 
Chapter 3: Materials and Experimental Procedure ............................................. 38 
3.1 Description of Materials Used .......................................................................... 38 
3.2 Silane Chemical Treatment of Halloysite Nanotubes ...................................... 39 
3.3 Nanocomposite Preparation ............................................................................. 40 
3.4 Characterisation of Nanocomposites ................................................................ 42 
3.4.1 Morphological Characterisation ................................................................ 42 
3.4.2 FT-IR ......................................................................................................... 43 
3.4.3 Thermal Property Analysis........................................................................ 44 
3.4.4 Glass Transition Temperature (Tg) ............................................................ 45 
3.4.5 Viscoelastic Properties .............................................................................. 46 
3.4.6 Mechanical Characteristics ....................................................................... 47 
ix 
3.4.7 Impact Fracture Toughness ....................................................................... 50 
3.4.8 Wear Characterisation ............................................................................... 51 
3.4.9 Fracture Toughness Measurement ............................................................ 53 
Chapter 4: Role of Silanised Halloysite on Morphological Characteristics ....... 60 
4.1 Role of Silane Treatment on Structure of Halloysite ....................................... 60 
4.1.1 Introduction ............................................................................................... 60 
4.1.2 Structure of Halloysite Before and After Silanisation .............................. 60 
4.2 Characterisation of Nanocomposite Morphology ............................................ 63 
4.2.1 TEM .......................................................................................................... 63 
4.2.2 XRD .......................................................................................................... 69 
4.2.3 SEM and EDS Analysis ............................................................................ 73 
4.3 FT-IR Spectra ................................................................................................... 75 
4.4 Summary .......................................................................................................... 80 
Chapter 5: Role of Silanised Halloysite on Thermo, Thermodynamic and 
Mechanical Properties ............................................................................................. 82 
5.1 Results and Discussion ..................................................................................... 83 
5.1.1 TGA .......................................................................................................... 83 
5.1.2 Thermodynamic Properties ....................................................................... 85 
5.1.2.1 Glass Transition Temperature ........................................................... 85 
5.1.2.2 DMA ................................................................................................... 87 
5.1.3 Mechanical Tests ....................................................................................... 90 
5.1.4 Morphology of Tensile-fractured Surface ................................................. 96 
5.1.5 Mathematical Models for Modulus Predictions ........................................ 99 
5.2 Summary of the Results ................................................................................. 102 
Chapter 6: Role of Silanised Halloysite on Tribological Characteristics and 
Impact Fracture Behaviour ................................................................................... 104 
6.1 Role of Silanised Halloysite on Tribological Performance ............................ 104 
6.1.1 Introduction ............................................................................................. 104 
6.1.2 Results and Discussion ............................................................................ 106 
6.1.2.1 Weight Loss ...................................................................................... 106 
6.1.2.2 The CoF (µ) ...................................................................................... 109 
6.1.2.3 The Specific Wear Rate (Ws) ............................................................ 113 
6.1.3 Summary of the Results .......................................................................... 121 
6.2 Role of Silanised Halloysite on Impact Fracture Behaviour .......................... 122 
6.2.1 Background ............................................................................................. 122 
6.2.2 Results and Discussion ............................................................................ 124 
6.2.2.1 Impact Testing .................................................................................. 124 
6.2.2.2 Impact-fracture Morphology ............................................................ 128 
6.2.3 Summary ................................................................................................. 132 
Chapter 7: Role of Silanised Halloysite on Failure and Toughening 
Mechanisms of Thermoset Nanocomposites ........................................................ 133 
7.1 Background .................................................................................................... 133 
7.2 Cohesive Element Model ............................................................................... 135 
7.3 Computational Simulations ............................................................................ 136 
7.3.1 FE Model ................................................................................................. 136 
7.3.2 Initiation and Evolution of Damage ........................................................ 136 
7.3.3 The Geometry of Model, Mesh Module and Boundary Conditions ....... 138 
7.4 Results and Discussion ................................................................................... 139 
x 
7.4.1 Fracture Toughness Test ......................................................................... 139 
7.4.2 Cohesive Model Versus Experimental Results ....................................... 146 
7.4.3 Toughening Mechanisms ........................................................................ 149 
7.5 Summary ........................................................................................................ 169 
Chapter 8: Conclusion and Future Works .......................................................... 172 
8.1 Conclusion ...................................................................................................... 172 
8.1.1 Morphological Characteristics ................................................................ 172 
8.1.2 Thermo, Thermodynamic and Mechanical Properties ............................ 173 
8.1.3 Tribological Behaviour ........................................................................... 174 
8.1.4 Impact Toughness ................................................................................... 174 
8.1.5 Failure Analysis and Toughening Mechanisms ...................................... 175 
8.2 Future Works .................................................................................................. 176 
References ............................................................................................................... 178 
Appendix A: Preliminary Study ........................................................................... 193 
 
 
xi 
List of Figures 
 
 
Figure 1.1: (a) Scanning Electron Microscope Image of HNTs and (b) 
Transmission Electron Microscopy (TEM) Micrograph of HNT ............... 2 
Figure 1.2: Schematic Illustration of the Scope of the Current Research .................... 8 
Figure 2.1: Schematic Diagram for Dispersion State of Polymer Nanocomposites .. 12 
Figure 2.2: Mechanism of Silane Deposition on an Active Substrate ....................... 15 
Figure 2.3: Crystalline Structures of HNTs ............................................................... 16 
Figure 2.4: Modification of a Nanoparticle with 3-methacryloxypropyl 
Trimethoxysilane....................................................................................... 16 
Figure 2.5: X-ray Diffraction (XRD) Patterns of As-received and Modified 
HNTs ......................................................................................................... 17 
Figure 2.6: XRD Patterns for Natural Halloysite (H0) and Acid-treated 
Halloysite at Different Treatment Durations (H1-H21) ............................ 18 
Figure 2.7: TEM Micrographs of: (a) EPDM/10% HNT and (b) EPDM/10% s-
HNT Nanocomposites ............................................................................... 19 
Figure 2.8: TEM Micrographs of: (a) Untreated Organoclay/PP and (b) Silanised 
Organoclay/PP Nanocomposites ............................................................... 19 
Figure 2.9: SEM Micrographs of the Worn Tracks for Pure Epoxy and Different 
Nanocomposites Systems .......................................................................... 27 
Figure 2.10: SEM Micrographs of Fracture Surface from Epoxy Filled with 
17.4% Silica Nanocomposites: (a) Matrix Ligament Bridging and (b) 
Circled Debonded Particles ....................................................................... 31 
Figure 2.11: SEM Micrographs of the Fracture Surfaces of: (a) Epoxy/1 wt% 
Organoclay/PES, (b) Characteristic Tail Structure in the Fracture 
Surface of Epoxy/1 wt% Organoclay/PES, (c) Characteristic Tail 
Structure on the Rough Fracture Surface of the Epoxy/3 wt% 
Organoclay/PES and (d) Various Fracture Positions Inside One 
Agglomerate on the Fracture Surface of the Epoxy/1 wt% 
Organoclay/PES Hybrid Nanocomposites ................................................ 33 
Figure 2.12: SEM Images of Fracture Surfaces of Epoxy Filled with Nanoclay 
Nanocomposite at: (a) Low Magnification and (b) High Magnification .. 34 
xii 
Figure 2.13: VCCT for a 2-D Eight-noded Element .................................................. 35 
Figure 2.14: (a) Schematic of DCZM and (b) Definition of DCZM Element and 
its Node Numbering .................................................................................. 36 
Figure 3.1: Magnetic Stirrer Used in the Preparation of Silane Treatment ................ 40 
Figure 3.2: Sonicator Probe Used for the Sonication Process .................................... 41 
Figure 3.3: Samples of: (a) Dog-bone Tensile Test and SEN and (b) CT ................. 42 
Figure 3.4: FT-IR Spectrophotometer Used in the Study .......................................... 44 
Figure 3.5: TGA-Q500 Used for Thermal Property Analysis .................................... 45 
Figure 3.6: Differential Scanning Calorimeter (DSC-Q200) Used in the Study ....... 46 
Figure 3.7: DMA-Q800 Used to Measure the Viscoelastic Properties ...................... 47 
Figure 3.8: Instron Alliance RT/10 MTS: (a) Universal Machine and (b) Laser 
Extensometer ............................................................................................. 48 
Figure 3.9: Flexural Strength Testing Using MTS Universal Machine ..................... 49 
Figure 3.10: Instron Dynatup 9250 HV Machine Used for Impact Test .................... 50 
Figure  3.11: (a) Tribometer Machine Used for Wear Testing and (b) Wear 
Testing Block ............................................................................................ 52 
Figure  3.12: Specimen Configuration Used for Fracture Toughness 
Measurements for: (a) SENB Sample and (b) CT Geometry .................... 55 
Figure  3.13: (a) Bending Rig and (b) SEN Bend Geometry Used in this Study ........ 56 
Figure  3.14: (a) Tension Test and (b) Clevis Design Used for CT ............................ 59 
Figure  4.1: Schematic Presentation of the Crystalline Structure of Halloysite .......... 61 
Figure  4.2: Schematic Presentation of Organosilane Teatment on Halloysite 
Surface ....................................................................................................... 62 
Figure  4.3: Schematic Presentation of the Interface Interaction between HNT Particle 
and UPE Polymer ...................................................................................... 63 
Figure  4.4: TEM Micrographs of Untreated Halloysite Nanotubes (Loose 
Powders) .................................................................................................... 64 
Figure  4.5: TEM Micrographs of s-HNT (Loose Powders) ....................................... 64 
Figure  4.6: TEM Images at Low Magnification of: (a, b) Cured UPE/HNT and 
(A, B) UPE/s-HNT Nanocomposites ........................................................ 65 
Figure  4.7: TEM Micrographs of: (a–e) UPE-based Different Pristine HNT 
Nanocomposites and (A–E) UPE-based Different s-HNT 
Nanocomposites ........................................................................................ 68 
xiii 
Figure 4.8: Comparison of X-ray Scattering Scans for Neat UPE, Untreated HNT 
and Silane-treated HNT Loose Tubes ....................................................... 69 
Figure 4.9: X-ray Scattering Scans for Neat UPE and Different UPE/HNT 
Nanocomposites ........................................................................................ 70 
Figure 4.10: X-ray Scattering Scans of Different UPE/Silane-treated HNT 
Nanocomposites ........................................................................................ 71 
Figure 4.11: Comparison of X-ray Scattering Scans of Neat UPE, UPE/3 wt% 
HNT and UPE/3 wt% s-HNT Nanocomposites ........................................ 72 
Figure  4.12: SEM Images Showing the Difference between: (a) UPE/3 Wt% Untreated 
HNT Surface and (b) UPE/3 Wt% S-HNT Nanocomposites Surface ............... 73 
Figure  4.13: SEM Image of UPE/5% HNT Nanocomposites Showing: (a) Large 
Halloysite Clusters and (b) the EDX Elemental Analysis Data for 
Different Spots in the Nanocomposites..................................................... 74 
Figure  4.14: (a) SEM Image of UPE/5 wt% s-HNT Nanocomposite and (b) its 
EDX Elemental Analysis .......................................................................... 75 
Figure  4.15: FT-IR Spectra of: (a) Neat UPE, HNT and s-HNT Powders and (b) 
Different UPE/Untreated HNT Nanocomposites ...................................... 76 
Figure 4.16: Comparison of FT-IR Spectres between Different UPE/HNT and 
UPE/s-HNT Nanocomposites ................................................................... 79 
Figure 5.1: (a) TGA of Neat UPE, UPE/3% HNT and UPE/3% s-HNT 
Nanocomposites and (b) Close-up Image Showing 5% Weight Loss ...... 84 
Figure 5.2: DSC Thermograms of Neat UPE and its Untreated HNT Composites ... 85 
Figure 5.3: DSC Thermograms of Neat UPE and its Silanised HNT Composites .... 86 
Figure 5.4: Variation of Dynamic Mechanical Properties of Neat UPE and its 
Untreated HNT Nanocomposites as Functions of Temperature: (a) 
Storage Modulus, (b) Loss Modulus and (c) Tan δ................................... 89 
Figure 5.5: Representative Stress–strain Curves for Neat UPE and: (A) Different 
HNT and (B) S-HNT Nanocomposites ..................................................... 91 
Figure 5.6: Tensile Properties of Neat UPE and UPE-based Different HNT and s-
HNT Nanocomposites ............................................................................... 93 
Figure 5.7: Flexural Properties of Neat UPE and UPE-based: (a) Different HNT 
and (b) s-HNT Nanocomposites ............................................................... 94 
Figure 5.8: SEM Images of the Fractured Surfaces of Neat UPE and UPE-based 
Different HNT and s-HNT Nanocomposites ............................................ 98 
xiv 
Figure 5.9: Comparison of Experimental and Mathematical Results of Young’s 
Modulus for UPE-based Different HNT and s-HNT Nanocomposites ... 101 
Figure 6.1: Variation of Weight Loss as a Function of HNT Contents with 
Various Sliding Times: (a) UPE/HNT and (b) UPE/s-HNT 
Nanocomposites ...................................................................................... 107 
Figure 6.2: Hardness Results of Neat UPE and its HNT and s-HNT 
Nanocomposites ...................................................................................... 109 
Figure 6.3: The CoF of UPE/HNT and UPE/s-HNT Nanocomposites .................... 110 
Figure 6.4: Friction Coefficient of Neat UPE and its Nanocomposites as a 
Function of Sliding Distance ................................................................... 111 
Figure 6.5: Roughness Profile of the Counterface After Testing Different 
Nanocomposite Samples ......................................................................... 112 
Figure 6.6: Specific Wear Rate of Neat UPE and UPE/HNT Nanocomposites 
Tested at Sliding Distance of 11.5 Km, Normal Load of 20 N and 
Sliding Speed of 2.8 m/s ......................................................................... 113 
Figure 6.7: Specific Wear Rate of Neat UPE and UPE/s-HNT Nanocomposites 
Tested at Sliding Distance of 11.5 Km, Normal Load of 20 N and 
Sliding Speed of 2.8 m/s ......................................................................... 114 
Figure 6.8: Specific Wear Rate of Neat UPE and its Nanocomposites Under 
Wearing Conditions of Sliding Distance: 11.5 Km, Load: 20 N and 
Sliding Speed: 2.8 m/s ............................................................................. 115 
Figure 6.9: Typical Curves of Contact Temperatures as Functions of Sliding 
Time for Neat UPE and its Nanocomposites .......................................... 116 
Figure 6.10: SEM Micrographs of the Worn Surfaces for: (a) UPE/1% HNT, (b) 
UPE/3% HNT, (c) UPE/5% HNT and (d) UPE/7% HNT 
Nanocomposites ...................................................................................... 117 
Figure 6.11: SEM Micrographs of the Worn Surfaces for: (a) UPE/1% s-HNT, 
(b) UPE/3% s-HNT, (c) and (d) UPE/5% s-HNT Nanocomposites ....... 118 
Figure 6.12: SEM Micrographs of the Worn Surfaces for: (a) UPE/3% HNT, (b) 
UPE/5% HNT, (c) UPE/7% HNT, (d) UPE/3% s-HNT, (e) UPE/5% s-
HNT and (f) UPE/7% s-HNT at a Sliding Speed of 2.8 m/s and 
Applied Load of 20 N .............................................................................. 119 
Figure 6.13: Schematic Represents a Dry Interfacial Wear Mechanism ................. 120 
xv 
Figure 6.14: Comparison of the Impact Strength for Neat UPE and its 
Nanocomposites as a Function of Untreated Halloysite (HNT) and 
Temperature ............................................................................................ 124 
Figure 6.15: Variation of the Total Energy for Neat UPE and its Nanocomposites 
as a Function of Untreated Halloysite (HNT) and Temperature ............. 125 
Figure 6.16: Impact Strength of Neat UPE and its Nanocomposites as a Function 
of s-HNT Content and Temperature ....................................................... 126 
Figure 6.17: Variation of the Total Energy for Neat UPE and its Nanocomposites 
as a Function of S-HNT Loading and Temperature ................................ 127 
Figure 6.18: TEM Micrographs of UPE Filled with: (a) 3 wt% HNT 
Nanocomposite and (b) UPE with 3 wt% s-HNT Nanocomposite ......... 128 
Figure 6.19: SEM Micrographs of Fractured Surfaces for: (a) Neat UPE, (b) 
UPE/3 wt% HNT and (c) UPE/3 wt% s-HNT Nanocomposites 
Impacted at Room Temperature .............................................................. 129 
Figure 6.20: Variations of the Impact Strengths for Neat UPE and its 
Nanocomposites as a Function of Different Halloysite (HNT and s-
HNT) Contents and Testing Temperatures (-20°C, +20°C and +60°C) . 131 
Figure 6.21: Variations of Total Energies for Neat UPE and its Nanocomposites 
as a Function of Different Halloysite (HNT and s-HNT) Contents and 
Testing Temperatures (-20°C, +20°C and +60°C) .................................. 131 
Figure 7.1: Schematic of Fracture Process by the Cohesive Zone Model ............... 135 
Figure 7.2: (a) Typical Linear Traction-separation Law and (b) Linear Damage 
Evolution ................................................................................................. 137 
Figure 7.3: (a) Partitioning the CT Geometry Using Datum Plane and (b) Master 
and Slave Surfaces .................................................................................. 138 
Figure 7.4: (a) Applied Load and Boundary Conditions and (b) FE Mesh of the 
Part Used in the Analysis ........................................................................ 139 
Figure 7.5: Load-displacement Curves of CT Samples for: (a) Neat UPE and 
Different UPE/HNT Nanocomposites and (b) Neat UPE and Different 
UPE/s-HNT Nanocomposites Fractured Under Tensile Loads .............. 141 
Figure 7.6: Load-displacement Curves of SENB Samples for: (a) Neat UPE and 
Different UPE/HNT Nanocomposites and (b) Neat UPE and Different 
UPE/s-HNT Nanocomposites Fractured Under 3PB Technique ............ 143 
xvi 
Figure 7.7: Propagation of the Crack of CT Sample for 3% HNT 
Nanocomposite: (a) Specimen Before Crack Initiation, (b) Crack Path, 
(c) Final Failure of the Sample and (d) Comparison of the Real and 
Final Failure Situation, Demonstrating the COD .................................... 148 
Figure 7.8: Stress-strain Curves for Neat UPE and 3% HNT-UPE 
Nanocomposite Obtained Theoretically and Experimentally ................. 149 
Figure 7.9: SEM Images of Different Fractured Surfaces for Unfilled Brittle UPE 
Matrix Fractured Under Different Loads and Specimen Geometries ..... 151 
Figure 7.9 (Continued): Fracture Surface of Unfilled UPE Matrix Fractured 
Under Tension Load and CT Geometry .................................................. 152 
Figure 7.10: Fractography of Mode I Fracture Toughness Using CT Geometry 
for 5% HNT/UPE Nanocomposite Showing the Process Zone .............. 153 
Figure 7.11: Fracture Surface for UPE/3% HNT Nanocomposite Showing the 
Microvoids that Occurred due to the Particle-polymer Interface 
Debonding ............................................................................................... 154 
Figure 7.12: Fracture Surface of: (a) 1% HNT/UPE Nanocomposite, (b) 3% 
HNT/UPE and (c) 5% HNT/UPE Tested with the SENB Geometry 
Under Bending, Showing Shear Yielding Mechanism ........................... 156 
Figure 7.13: SEM Images Illustrating the Fracture Surface of: (a) 3% HNT/UPE 
Nanocomposite and (b) 5% HNT/UPE After Debonding ....................... 157 
Figure 7.14: SEM Images Illustrating the Fracture Surface of: (a) 1% S-
HNT/UPE Nanocomposite and (b) 3% S-HNT/UPE Nanocomposite 
After Debonding ...................................................................................... 158 
Figure 7.15: Fracture Surfaces from SENB Geometries of: (a) 3% s-HNT/UPE 
and (b) 5% s-HNT/UPE Nanocomposite, Showing Matrix Shear Band 
Mechanism .............................................................................................. 160 
Figure 7.16: Fracture Surfaces from SENB Geometry of 7% s-HNT/UPE 
Nanocomposite Showing the Massive Shear Yielding Mechanism ........ 161 
Figure 7.17: SEM Images of Fracture Surfaces near Crack Tip of: (a) 5% s-
HNT/UPE and (b) 7% s-HNT/UPE Nanocomposites, Showing Crack 
Bridging Mechanism ............................................................................... 163 
Figure 7.18: SEM Micrographs of the Fracture Surfaces Near Crack Tip After 
SEN-3PB Testing of 3% S-HNT/UPE Nanocomposite, Showing the 
xvii 
Crack Initiation Zone at Different Magnifications with a Local 
Deformation Process ............................................................................... 164 
Figure 7.19: Scanning Electron Micrographs of Fracture Surface for 5% S-
HNT/UPE Nanocomposite After SEN-3PB Testing, Showing Crack 
Initiation Zone at Different Magnifications with River Liners ............... 165 
Figure 7.20: SEM Micrographs Illustrating the Fracture Surface of UPE 
Reinforced with: (a) 3 wt% s-HNT and (b) 5 wt% s-HNT 
Nanocomposites, Demonstrating the Tail-like Structures ...................... 166 
Figure 7.21: Fracture Surface Morphology After SEN-3PB Test of 5% S-
HNT/UPE Nanocomposite ...................................................................... 167 
Figure 7.22: Fracture Surface Morphology After SEN-3PB Test of 5% S-
HNT/UPE Nanocomposite, Showing Macrocracks ................................ 168 
Figure 7.23: SEM Micrographs of the Fracture Surface for: (a) 7% s-HNT/UPE 
and (b) 9% s-HNT/UPE Nanocomposites .............................................. 169 
 
 
xviii 
List of Tables 
 
 
Table 2.1: Comparison of Mechanical and Fractural Characteristics for UPE 
Filled with Different Nanoparticles ........................................................... 24 
Table 2.2: Summary of Flexural, Modulus and Impact Strength for Different 
Polymers-based HNTs ............................................................................... 24 
Table 3.1: Description of Materials Used in this Study ............................................. 38 
Table 4.1: Assignment of FT-IR Absorption Bands of UPE/HNT and UPE/s-
HNT Nanocomposites ............................................................................... 77 
Table 5.1: Values of Tg and Viscosity of Neat UPE and UPE/HNT ......................... 86 
Table 5.2: Comparison of Viscoelastic Results (DMA) between UPE/HNT and 
UPE/s-HNT Nanocomposites ................................................................... 89 
Table 5.3: Summary of Mechanical Properties for Different Polymers-based 
HNTs ......................................................................................................... 96 
Table 7.1: Fracture Properties of Neat UPE and UPE/HNT Nanocomposites ........ 144 
 
 
xix 
List of Abbreviations 
 
 
3-D  three-dimensional 
3PB  three-point bending 
BOR  block-on-ring 
CNT  carbon nanotube 
COD  crack opening displacement 
CoF  coefficient of friction 
CT  compact tension 
DBTT  ductile-brittle transition temperature 
DCZM  discrete cohesive zone model 
DMA  dynamic mechanical analysis 
DSC  differential scanning calorimetry 
EDS  energy-dispersive spectroscopy 
EDX  energy-dispersive x-ray 
EPDM  ethylene propylene diene monomer 
FE  finite element 
FT-IR  Fourier Transform Infrared 
HNT  halloysite nanotube 
LEFM  linear elastic fracture mechanics 
MEKP  Methyl Ethyl Ketone Peroxide 
MMT  montmorillonite 
MPS  γ-methacryloxypropyl trimethoxysilane 
MWCNT multi-wall carbon nanotube 
NS  nanosilica 
PES  polyethersulphone 
PNC  polymer matrix–based nanocomposite 
PP  polypropylene 
PPA  phenylphosphonic acid 
PS  polystyrene 
SAXS  small-angle x-ray scattering 
SEM  scanning electron microscopy 
xx 
SEN  single-edge notch 
SEN-3PB single-edge notch under three-point bending 
SENB  single edge notch bending 
s-HNT  silanised halloysite nanotube 
SS  stainless steel 
TEM  transmission electron microscopy 
TGA  thermogravimetric analysis 
UPE  unsaturated polyester 
US  United States 
VCCT  virtual crack closure technique 
VTES  vinyltriethoxysilane 
VTMS  vinyltrimethoxysilane 
XFEM  extended finite element method 
XRD  x-ray diffraction 
WAXS wide-angle x-ray scattering 
 
 
